A partially screened vacuum gap model of the inner acceleration region in pulsars is examined with respect to the drifting subpulse phenomenon and the polar cap heating by the back-flowing plasma particle associated with drifting subpules. We found that the intrisic drift rate and polar cap heating rate are coupled to each other and therefore the X-ray luminosity L x from heated polar cap depends only on the observational tertiary subpulse drift periodicityP 3 (polar cap carousel time). We derived a "clean-cut" formula relating these observational quantities, which manifests the fact that both the drift rate as well as the polar cap heating rate are determined by the same value of the gap electric field. In PSR B0943+10 for which both L x andP 3 are known, this formula holds amazingly well. Based on several cases in whichP 3 is known it is argued that L x /Ė ∼ 10 −3 , whereĖ is the pulsar spin-down rate. This intriguing property was previously attributed to the pulsar magnetospheric emission. In this paper we suggest that it could also be a characteristic property of thermal emission from the spark heated polar cap.
Introduction
The phenomenon of drifting subpulses has been widely regarded as a powerful tool for the investigation of mechanisms of pulsar radio emission. In the classical vacuum gap model of Ruderman & Sutherland (1975, RS75 henceforth) , the spark-associated subbeams of subpulse emission circulate around the magnetic axis due to E × B drift of spark plasma filaments. This model is widely regarded as the most natural and plausible explanation of drifting subpulse phenomenon, at least qualitatively. Despite its popularity the RS75 model is known to suffer from the so-called binding energy problem (for review see Usov & Melrose 1995 ,1996 Xu, Zhang & Qiao 2001) . In fact, the cohesive energy of surface iron ions were largely overestimated in RS75 and the VG envisioned by RS75 was impossible to form. There were some attempts to resolve this problem, including a quite exotic proposal that radio pulsars with drifting subpulses are bare polar cap strange stars (BPCSS) rather than neutron stars (Xu, Qiao & Zhang 1999) . Gil & Mitra (2001) and Gil & Melikidze (2002) revisited the binding energy problem and found that the formation of vacuum gap (VG) above the neutron star polar cap is, in principle, possible, although it requires a very strong surface magnetic field, much stronger than the dipolar component inferred from the observed spin-down rate. It is worth noting that even RS75 implicitly assumed a non-dipolar surface magnetic field at the polar cap.
The VG is the only model which provides detailed quantitative predictions of the intrinsic E × B drifting rate. It is well known that the pure vacuum gap of RS75 predicts too fast a drifting rate (e.g. Despande & Rankin 1999, DR99 henceforth) . Motivated by this issue Gil, Melikidze & Geppert (2003, GMG03 henceforth) developed further the idea of the inner acceleration region above the polar cap by including the partial screening due to thermionically ejected particle flow from the surface heated by sparks. Although the conditions in such regions are far from the pure vacuum, for simplicity it is still called a "vacuum gap" (VG) or simply a "gap" in this paper, although the proper name should be "partially screened gap" (PSG hencefortf). The intrinsic E × B drift rate in such PSG is compatible with observations (GMG03).
A distinguishing property of VG model is its predicted high heating rate of the polar cap surface due to back-flow bombardment inherently associated with sparking breakdown of the ultra-high potential drop (Ruderman & Sutherland 1975; Zhang, Harding & Muslimov 2000) . The space charge limited model (Arons & Sharleman 1979; Harding & Muslimov 2002 ) predicts a much lower polar cap heating rate. On the other hand, in the BPCSS model (Xu, Qiao & Zhang 1999 ) no hot spot is expected due to the high thermal conductivity at the BSS surface. Thus, measuring the thermal X-ray luminosity from heated polar caps can potentially verify the existence and the nature of VGs in pulsars.
In order to test different available models of inner acceleration region in pulsars Zhang, Sanwal & Pavlov (2005, ZSP05 henceforth) observed the best studied drifting subpulse radio pulsar PSR B0943+10 with the XMM-Newton observatory. Their observations were consistent with the partially screened VG developed in strong, non-dipolar surface magnetic fields. In this paper we generalize the treatment of ZSP05 and develop a thermal X-ray emission model for radio drifting pulsars. The model matches the observations of PSR B0943+10 very well, both in radio and X-rays. Based on the derived clean formula (eq. [2]) relating radio and X-ray observables we also make predictions for the X-ray properties of several other drifting radio pulsars.
Recently, Kargaltsev, Pavlov, & Garmire (2005, KPG05 henceforth) observed the X-ray emission from the nearby PSR B1133+16 and found that this case is also consistent with the thermal radiation from a small (much smaller than the canonical) polar cap. PSR both these pulsars have very similar X-ray parameters in agreement with our PSG model (see Table 1 ).
Charge depleted inner acceleration region
The inner acceleration region above the polar cap results from the deviation of a local charge density ρ from the co-rotational charge density (Goldreich & Julian 1969, GJ69 henceforth) ρ GJ = −Ω · B s /2πc ≈ B s /cP . Growing evidence appears, both observationally and theoretically (see Urpin & Gil 2004 , and references therein) that the actual surface magnetic field B s is highly non-dipolar. Its magnitude can be described in the form For isolated neutron stars one might expect the surface to consist mainly of iron formed at the neutron star's birth (e.g. Lai 2001 , see also Usov & Melrose 1996) . Therefore, the charge depletion above the polar cap can result from bounding of the positive 56 26 Fe ions (at least partially) in the neutron star surface. If this is possible, then positive charges cannot be supplied at the rate that would compensate the inertial outflow through the light cylinder. As a result, a significant part of the unipolar potential drop (GJ69, RS75) develops above the polar cap, which can accelerate charge particles to relativistic energies and power the pulsar radiation mechanism. The polar cap is defined as the locus of magnetic field lines that penetrate the so-called light cylinder (GJ69). Conventionally, the polar cap radius r pc = 1.45 × 10 4 P −0.5 cm (RS75), while in the case of non-dipolar surface field the polar cap radius can be written as r p = b −0.5 r pc (GS00), where the compression factor b −0.5 describes squeezing of the dipolar polar cap area due to the magnetic flux conservation (see eq.
[28] in Cheng & Zhang 1999) . One should realize, however, that the polar cap radius r p expressed by the above equation is only a characteristic dimension. In fact, the actual polar cap can be largely deformed from circularity in the presence of strong nondipolar surface magnetic field, so r p can be used as an order of magnitude estimate of an actual polar cap radius. We do not discuss a detailed structure of this surface field since it does not contribute to our main results.
Thermostatic regulation of surface temperature
Growth of the accelerating potential drop is limited by the cascading production of relativistic electron-positron plasma (e.g. RS75, Cheng & Ruderman 1980, CR80 henceforth) . The accelerated positrons will leave the acceleration region, while the electrons will bombard the polar cap surface, causing a thermal ejection of ions. This thermal ejection will cause partial screening of the acceleration potential drop ∆V corresponding to a shielding factor η = 1 − ρ th /ρ GJ , where ρ th is thermonically ejected charge density, ∆V = η(2π/cP )B s h 2 , and h is the height of the acceleration region determined by the mean free path of pair producing high energy seed photons.
GMG03 argued that the actual potential drop ∆V should be thermostatically regulated and the quasi-equilibrium state should be established, in which heating due to electron bombardment is balanced by cooling due to thermal radiation. The quasi-equilibrium
s is a cooling power surface density by thermal radiation from the polar cap surface and Q heat = γm e c 3 n is heating power surface density due to back-flow bombardment, γ = e∆V /m e c 2 is the Lorentz factor, n = n GJ − n th = ηn GJ is the number density of back-flowing plasma particles depositing their kinetic energy at the polar cap surface, η is the shielding factor, n th is the charge number density of the thermally ejected flow and n GJ = ρ GJ /e = 1.4 × 10 11 bṖ 0.5
is the corotational charge number density. Note that in the original GJ69 and RS75 papers n GJ corresponds to a purely dipolar magnetic field (b = 1) at the polar cap surface, while in our approach the surface magnetic field is highly non-dipolar so that b >> 1. It is straightforward to obtain an expression for the quasi-equilibrium surface temperature in 
whereP 3 is the tertiary periodicity in drifting subpulses pattern (pulsar carousel time), which is equal to the time interval needed for the discharge plasma to make one full revolution around the perimeter of the polar cap.
One can also derive the X-ray luminosity efficiency (i.e. with respect to the spin down luminosity)
We can see that equations (1) and (2) depend only on the observational data of the radio pulsars. It is particularly interesting and important that both equations above do not depend on details of the sparking gap model (η, b, h). Thus, we have found a powerful relationship between the properties of drifting subpulses observed in radio band and the characteristics of X-ray thermal emission from the polar cap heated by sparks associated with these subpulses. For PSR B0943+10, which is the only pulsar for which bothP 3 (= 37P , DR99) and L x (≃ 5 × 10 −4Ė , ZSP05) are measured, the above equations hold very well. In few other cases for which the circulational periodicity is measured 14 <P 3 /P < 37 (see Table 1 ), which gives L x /Ė ∼ (1 +4 −0.5 ) × 10 −3 . Such correlation between the X-ray and the spin-down luminosities is a well-known and intriguing property of rotation powered pulsars (Becker & Trümper 1997; Possenti et al. 2002) . It has been suggested that this correlation is a characteristic of a magnetospheric radiation (e.g. Cheng, Gil, & Zhang 1998; . Here we suggest that this can also be a characteristic property of the polar cap thermal radiation. Most likely, both mechanisms contribute at a comparable level to the observed X-ray luminosity.
Using equation (A1) we can write the polar cap temperature in the form
where the enhancement coefficient
pc and A bol = πr 2 p (see Section 2). Since A bol can be determined from the black-body fit to the spectrum of the observed thermal X-ray emission, the above equations can be regarded as independent of details of the sparking gap model and depending only on combined radio on X-ray data, similarly as in equations (1) and (2). Table 1 presents the observational data and predicted values of a number of quantities for four pulsars, which we believe show clear evidence of thermal X-ray emission from the heated polar caps. Besides the three cases with knownP 3 (B0943+10, B0826−34 and B0834+06), we also included PSR B1133+16 (twin of PSR B0943+10) for which we estimatedP 3 and argued that its value was actually measured but misinterpreted as the primary drift periodicity P 3 (shown in parenthesis in Table 1 ).
PSR B0943+10. This is the best studied drifting subpulse radio pulsars with P = 1.09 s, P −15 = 3.52,Ė = 10 32 erg s −1 ,P 3 = 37.4P , P 3 = 1.86P and N =P 3 /P 3 = 20 (DR99).
It was observed by ZSP05, who obtained a thermal BB fit with a bolometric luminosity This corresponds to the best fit temperature T s = 3.1 × 10 6 K (see Fig. 1 in ZSP05) .
The predicted values of L x and L x /Ė calculated from equation (1) and (2) PSR B1133+16. This pulsar with P = 1.19 s,Ṗ −15 = 3.7, andĖ = 9 × 10 31 erg s −1 is almost a twin of PSR B0943+10. KPG05 observed this pulsar with Chandra and found an acceptable BB fit L x = 6.7 × 10 28 erg s −1 (we used their L x /Ė = 3.6
with < cos θ >= 0.47), A bol = (0.5
7 cm 2 and T s ≈ 2.8 × 10 6 K. These values are also very close to those of PSR B0943+10, as should be expected for twins. Using equation (1) we can predictP 3 /P = 31 +4 −2 for B1133+16. Interestingly, Rankin (1986, R86 henceforth) gives the primary drift periodicity (see Appendix A) P 3 = (5.3 ± 1.2)P for the conal components, but in the saddle between these components R86 reports P 3 = (25 ± 3)P .
These measurements are supported by recent results of Weltevrede, Edwards & Stappers (2006, WES06 henceforth) , who found that P 3 /P = 3 ± 2 and 33 ± 3 in PSR B1133+16. The latter values seem to coincide with our predicted range ofP 3 , therefore we claim that the tertiary periodicity was actually measured by WES06 and/or R86. Such interpretation is consistent with Gil & Sendyk (2000) , who argued that the central emission consist of a large number of unresolved subbeams and thus the only periodicity that can be detected must be directly related to the circumferential motion of the sparking plasma around the local magnetic pole, that is "the carousel rotation time". It is worth noting thatP 3 /P 3 = 33 ± 3 is very close to 37.4 measured in the radio twin PSR B0943+10. Note also that the number of sparks predicted from our hypothesis is N =P 3 /P 3 = (33 ± 3)/(3 ± 2) = 11 +25 −6 , thus it is quite possible that actually N = 20, as in the case of PSR B0943+10. PSR B0826−34. With P = 1.85 s,Ṗ −15 = 1.0,Ė = 6 × 10 30 erg s −1 , this pulsar has P 3 ≈ 1P andP 3 ≈ 14P , i.e. N = 14 (Gupta, Gil, Kijak, et al. 2004; Esamdin, Lyne, Graham-Smith, et al. 2006) . With these values we can predict from equation (1) (1) we obtain L x = 37 × 10 28 erg s −1 . This pulsar should be almost 8 times more luminous than PSR B0943+10, and we strongly recommend to observe it with XMM-Newton. The shielding parameter η ≈ 0.07 (eq.
[A2]).
Conclusions and Discussion
Within the partially screened VG model of the inner acceleration region in pulsars developed by GMG03 we derived a "clear-cut" relationship between the X-ray luminosity L x from the polar cap heated by sparks and the tertiary periodicityP 3 of the spark-associated subpulse drift observed in radio band. This relationship reflects the fact that both the drifting (radio) and the heating (X-rays) rates are determined by (approximately) the same value of the electric field in the partially screened gap. As a consequence of this coupling equations (1) and (2) are independent of details of the acceleration region, which are discussed in the accompanying Paper II by Gil, Melikidze & Zhang (2006) . In PSR B0943+10 for which both L x andP 3 are measured, the predicted relationship between observational quantities holds amazingly well. Based on several cases for which values ofP 3 are known we predict that L x is approximately 10 −3 of the spin-down luminosity. Such a correlation was believed to be a property of the pulsar magnetospheric emission and here we argued that it can also be a characteristic of thermal radiation from heated polar cap.
We note thatP 3 is very difficult to measure and its value is known only for three pulsars:
B0943+10, B0826−34 and B0834+06. The successful confrontation of the predicted X-ray luminosity with the observation in 0943+10 (ZSP05) encourages further tests of the model with future X-ray observations of the other two pulsars. This is particularly relevant to B0834+06 whose predicted X-ray luminosity is much higher, while the distance to both pulsars is almost identical. It is worth mentioning that due to relatively poor photon statistics it is still not clear whether the X-ray radiation associated with polar cap is thermal or magnetospheric in origin. Observations of PSR B0834+06 with XMM-Newton should help to resolve this question.
The original RS75 pure VG model predicts much too high a subpulse drift rate and an X-ray luminosity. Other available acceleration models predict too low a luminosity and the explanation of drifting subpulse phenomenon is generally not clear (see ZSP05 for more detailed discussion). Approximately, the bolometric X-ray luminosity for the space charge A.
In the stationary observer's frame the co-rotational charge density ρ GJ = −Ω · B/2πc
is associated with the co-rotational electric field E cor (r) = −(Ω × r) × B(r)/c and the magnetosphere co-rotates with the velocity v cor = c(E cor × B)/B 2 , where B is the magnetic field (dipolar) and Ω is the pulsar spin axis (Ω = 2π/P ). Now let us introduce a thin vacuum gap (or more generally a charge depleted acceleration region) extending to about h above the polar cap surface. Since the charge density within the gap is lower than the co-rotating value ρ GJ , an additional electric field ∆E appears in this region, which makes the spark plasma to drift with a velocity
, as observed in a co-rotating frame. To estimate the values of ∆E let us follow the original method of RS75 and consider the closed contour abf ea within the gap, as marked in their Fig. 4 . Since the potential drop along segments ab and bf vanishes (∆V ab = ∆V bf = 0), one then has ∆V ae = ∆V f e .
However, we can consider another segment f ′ e ′ (parallel to f e) and use the same argument to demonstrate that ∆V ae ′ = ∆V ae for any arbitrary pair of points e and e ′ . This means that ∆E ≈ 0 within the RS75 gap, except at the boundary region within about h from the polar cap boundary, where h is the height of the gap. The perpendicular electric field ∆E grows rapidly from essentially zero to the corotational field E cor in the boundary region. The situation can be slightly different if the gap height h (length of segments f e and f ′ e ′ ) varies between the pole and the polar cap edge, although in the thin gap case of RS75 (h ≪ r p ) such variations can not be large (∆h/h ≪ 1). In this case ∆V f e = ∆V f ′ e ′ and ∆V ae = ∆V ae ′ and some residual ∆E can exist over the entire polar cap area. In any case, the tangent electric field is strong only at the polar cap boundary where ∆E = 0.5∆V /h = η(π/cP )B s h.
Here B s is the surface magnetic field, ∆V is the accelerating potential drop, h is the gap height and η is the shielding factor (see Appendix A in GMG03 for details).
Due to the E × B drift the discharge plasma performs a slow circumferential motion -13 -with velocity v d = c∆E/B s = ηπh/P . The time interval to make one full revolution around the polar cap boundary isP 3 ≈ 2πr p /v d . One then haŝ
If the plasma above the polar cap is fragmented into filaments (sparks) which determine the intensity structure of the instantaneous pulsar radio beam, then in principle, the tertiary periodicityP 3 can be measured/estimated from the pattern of the observed drifting subpulses (e.g. Deshpande & Rankin 1999; Gil & Sendyk 2003) . According to RS75,P 3 = NP 3 , where N is the number of sparks contributing to the drifting subpulse phenomenon observed in a given pulsar and P 3 is the primary drift periodicity (distance between the observed subpulse drift bands). On the other hand N ≈ 2πr p /2h (Gil & Sendyk 2000) . Thus, one can write the shielding factor in the form η ≈ 1 2π
which depends only on an easy-to-measure primary drift periodicity. Apparently, the shielding parameter η should be much smaller than unity. Note that in RS75 pure VG model η = 1, which implies the predicted subpulse drift at least an order of magnitude too fast as compared with observations.
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